ly on tests of logical memory I (p = 0.004), logical memory II (p = 0.003) and digit symbol (p < 0.0001). DTI metrics also improved post the transplant with an increase in fractional anisotropy (p = 0.01) and decrease in mean diffusivity (p = 0.004). These changes were more prominent in tracts associated with memory and executive function. Conclusions: Cognitive function, particularly memory and executive function, improve post the transplant with concurrent improvements in white matter integrity in tracts associated with memory and executive function. These data suggest that abnormalities in cognition and brain structure seen in the ESRD population are at least partially reversible.
Brain imaging of patients with ESRD demonstrates cerebral atrophy and cerebral infarcts, which can contribute to cognitive impairment [4, 5] . However, cognition is impaired in younger patients with ESRD even in the absence of these abnormalities [6] , implying that factors other than cerebrovascular disease may play a role. Although cognitive impairment associated with uremia improves with dialysis, renal transplantation provides further improvement in cognition beyond that of dialysis [7] . However, detailed characterizations of the domains of cognition most impacted and alterations to the structural integrity of the brain with renal transplantation are lacking.
Diffusion imaging, a magnetic resonance imaging (MRI) technique, evaluates the structural integrity of white matter by mapping the diffusion of water molecules restricted to specific tissue. The direction and magnitude of diffusion is expressed as a rotationally invariant tensor known as diffusion tensor imaging (DTI). DTI can detect subtle but functionally significant ultrastructural abnormalities. It is particularly useful in organized tissues such as the white matter in the brain, where water molecules diffuse more freely along an axonal fiber tract than across it. The DTI metrics, fractional anisotropy (FA), a measure of diffusion directionality and mean diffusivity (MD), a measure of the overall diffusivity, together assess white matter integrity.
Lower FA and higher MD values are associated with impaired cognition [8, 9] . Patients with ESRD have lower FA and higher MD values [6, [10] [11] [12] [13] . The effect of transplantation on these DTI parameters remains unknown. In this prospective pilot study, we examined the effect of renal transplantation on different domains of cognition and whether these observed changes are associated with changes in white matter integrity. Understanding the mechanisms underlying cognitive improvement posttransplant will yield useful insights into the mechanisms of cognitive impairment in ESRD patients and may lead to novel therapeutic strategies for treating this condition.
Methods
The primary aims of this study were to compare cognition and white matter integrity pre transplant and 3 months post transplantation and identify specific cognitive domains and white matter tracts, which show change after transplantation. We also wanted to determine temporal trends in cognition post transplantation.
Participants
Adult patients, (men and women) were included if they were (i) listed for renal transplantation at University of Kansas Hospital, (ii) were able to sign informed consent; (iii) had transportation for study visits and (iv) without history of stroke or brain injury. Patients were excluded if they (i) were claustrophobic or had other contraindication for MRI, (ii) had hearing/visual impairment, (iii) were unable to read/write/speak/understand English, (iv) were using antipsychotics or antiepileptics, (v) had a panel reactive antibody titer of >20% or (vi) were listed for dual organ transplantation. Baseline demographic data, past medical history and laboratory tests results were obtained.
The study was approved by the Institutional Review Board at the University of Kansas Medical Center. Written informed consent was obtained from all subjects before enrollment in compliance with the declaration of Helsinki. The study is registered on the clinical trials website (NCT01883349).
NP Tests
A battery of standard neuropsychological (NP) tests (online suppl. table S1; for all online suppl. material, see www.karger.com/ doi/10.1159/000444334) was conducted to detect subtle changes in cognition, which can be missed by screening tests like the Mini Mental State Exam (MMSE). Test selection was based on a broad review of the literature in ESRD. The tests included in the battery were MMSE, digit span, logical memory I and II, category fluency, trail making A and B, digit symbol test, block design, Stroop test and free and cued recall. The NP tests were performed by trained psychometricians. Patients undergoing hemodialysis 3 times a week were tested on their non-dialysis days to avoid potential changes in cognition associated with hemodialysis [14] . The test results were compared to normative data from the normative calculator for the uniform data set (UDS) NP test battery [15] .
Depression and physical activity were also evaluated as they can impact cognition [16] . Depression was assessed by the Beck Depression Inventory, which has been validated in CKD [17] . Physical activity was assessed using the rapid assessment of physical activity (RAPA) questionnaire [18] .
Diffusion Tensor Imaging
Brain MRI was performed with a 3T whole body scanner (Siemens Skyra, Erlangen, Germany). DTI sequences were collected using a double refocused spin echo sequence with a TE of 90 ms (TR 10,000 ms, FOV 300 × 300, matrix 128 × 128, final in-plane resolution 2.34 × 2.34 mm, 75 2-mm-thick contiguous axial slices). The diffusion gradients were applied along 64 directions (diffusion gradient pulse δ = 14 ms and diffusion application time Δ = 53 ms, b value 1,000 s/mm 2 ).
DTI analyses were performed with the functional software laboratory pipelines for data pre-processing, including diffusion eddy current correction, tensor calculations (DTIFIT), registration (FLIRT) and smoothing (FSLMATHS) . To analyze longitudinal data, we first registered each participant's post-transplant scan to the corresponding pre-transplant scan, and then realigned both pre-and post-transplant scans to the midpoint of the registration matrix. We then normalized all images to a common template (FMRIB_FA_58 mm). The normalized data were smoothed with a 2 mm Gaussian kernel (FSLMATHS). We employed a tract-ofinterest (TOI) approach. Mean FA values for various white matter tracts were extracted from the normalized data within 13 TOI target masks from the Johns Hopkins University white matter probabilistic atlas. The analyzed tracts included the anterior internal capsule (AntIC), body of the corpus callosum (BodyCC), genu of the corpus callosum (GenuCC), splenium of the corpus callosum 52 (SpleniumCC), cingulum (cingulate gyrus (CingCG), cingulate gyrus, hippocampus (CingH)), cortico-spinal tract (CST), forceps major (Fma) and forceps minor (Fmi), inferior fronto-occipital fasciculus (IFOF), uncinate fasciculus (UF), inferior longitudinal fasciculus (ILF) and superior longitudinal fasciculus (SLF). For bilateral tracts (AntIC, CingCG, CingH, CST, IFOF, UF, ILF, SLF), the values were extracted separately for left and right hemisphere, and then averaged to provide a single value. For each TOI, voxels within the mask were included in the mean if the FA at that voxel exceeded 0.2. MD was also extracted from the same regions by applying the threshold FA TOI masks to the normalized and smoothed MD images.
Statistical Analysis
Archived cognitive assessment and MRI evaluations closest to the date of transplantation were used to analyze the pre-to postsurgery change within the subject. Two-tailed paired t tests were used to analyze changes in NP tests pre and post transplantation. To evaluate practice effects (learning from the repeated exposure to the testing materials), the baseline pre-transplant NP tests were compared with 1-year pre-transplant NP tests on the patients (n = 4) who remained on the waitlist for a year without receiving the transplant. The 3-month post-transplant NP tests were also compared to the 1-year post-transplant NP tests for the patients (n = 8) who had received transplant at least a year ago.
DTI metrics (FA and MD) were entered as the dependent variable into separate repeated measures analysis of variances (ANOVAs), with independent variables of tract (13 levels representing each tract: BodyCC, GenuCC, SpleniumCC, Fma, Fmi, AntIC, CingCG, CingH, CST, IFOF, UF, ILF, SLF) and scan (2 levels: pre-, and post-transplant). FA values range from 0 (completely random) to 1 (completely unidirectional), and MD values were measured in m 2 /s. For significant interactions, post hoc 2-tailed paired t tests were conducted to determine which tracts had significant change in DTI pre to post transplantation. For all analyses, p < 0.05 was considered statistically significant. The statistical analysis was performed using SPSS 22 (IBM Corporation, Somers, N.Y., USA).
Results

Patient Characteristics
Out of the 18 patients enrolled, 11 patients (9 men, 2 women), with mean age of 56.5 ± 10.7 years had renal transplant and completed the study. The remaining 7 got baseline testing, and then either transferred to a different transplant center or did not receive a transplant.
Pre-transplant demographics are summarized in table 1 . All patients received standard induction therapy with rabbit anti-thymocyte globulin or basiliximab along with steroids and a mycophenolic acid compound for induction immunosuppression, and tacrolimus, a calcineurin inhibitor and mycophenolic acid compound with or without steroids for maintenance immunosuppression. The mean trough level of tacrolimus was 9.6 ± 2.9 mg/l. Post transplantation, there was no significant change in blood pressure, body weight or BMI (online suppl. table S2). Mean hemoglobin improved from 11.06 ± 1.4 g/dl pre transplant to 13.72 ± 1.5 g/dl post the transplant. The mean serum creatinine post the transplant was 1.6 ± 0.6 mg/dl with an estimated GFR of 45.2 ± 11.2 ml/min. There was no significant difference in other laboratory measures.
The mean time intervals between the pre-transplant brain MRI and NP tests, and the date of transplant were 31 ± 49 and 34 ± 50 days, respectively. The mean time intervals between the post-transplant brain MRI and NP tests, and the date of transplant were 89 ± 10 and 90 ± 12 days, respectively.
NP Assessments
The NP test results were compared to normative age adjusted data from the National Alzheimer's Coordinating Center Uniform Data Set (UDS) [15] . Table 2 shows that pre transplant, the participants scored <25th percen- fig. S1 ). Follow-up evaluation, 1 year after transplantation showed sustained improvements in cognitive function compared to baseline (online suppl. 
Depression and Physical Activity
Symptoms of depression improved after transplantation (scores 11.1 ± 8.8 pre-transplant vs. 4.5 ± 3.1 posttransplant, p = 0.02). A trend to increased physical activity was observed (RAPA scores 5.9 ± 2.6 pre-transplant vs. 6.9 ± 1.7 post-transplant, p = 0.12). fig. S2 ), suggesting improvement in post-transplant white matter integrity ( fig. 1 a) .
White Matter Integrity
Mean Diffusivity Means and standard deviations for MD values for each tract, pre and post transplantation are provided in table 4 . The tract (13) by scan (2) ANOVA for MD revealed a sig- fig. S3 ), suggesting improvement in post-transplant white matter integrity ( fig. 1 b) . 
Discussion
Our study systematically measured cognitive function and white matter integrity both pre-and post-renal transplant using standard NP tests and brain MRI to assess changes in cognition and white matter integrity. We observed both cognitive function and white matter integrity to improve after renal transplantation. More importantly, we found that the tracts with significant improvement in post-transplant white matter integrity, namely the corpus callosum, CingCG, Fmi and Fma, are the tracts associated with memory and executive function [19] [20] [21] , the domains of cognition that specifically improved after transplantation. We also found that cognitive improvement seen post transplantation persisted for 1 year but did not improve further compared to the function at 3 months post transplantation.
Cognitive impairment in ESRD is associated with decreased white matter integrity [6] , indicating that structural changes or white matter integrity may play a role in impairment of cognition in this population. Patients with ESRD have lower FA and higher MD values [6, [10] [11] [12] [13] , which are generally associated with poorer cognitive function [8, 9, 22, 23] . Moreover, improvement in FA and MD is associated with an improvement in cognition [24] . Other investigators have shown improvements in cognitive function post-transplant [25] [26] [27] [28] [29] , but to the best of our knowledge, our study is the first to evaluate the effects of renal transplantation on brain structure.
We found an increase in FA and decrease in MD posttransplant suggesting improved white matter integrity. Also cognition, specifically memory (logical memory I; p = 0.004, logical memory II; p = 0.003, and digit span, p = 0.007) and executive function (digit symbol; p < 0.001) improved post the transplant. Prior studies suggest the association of specific cognitive domains with specific white matter tracts [30] . Interestingly, the structural changes observed in the specific white matter tracts corresponded to specific improvements in memory and executive function, the domains of cognition associated with these tracts [19] [20] [21] . The Fmi connects the lateral and medial surfaces of the frontal lobes, which regulate executive function [19] . Abnormal frontal connectivity is present in mental illness with executive dysfunction [31, 32] . The CingCG is part of the limbic system located immediately above the corpus callosum and plays a role in executive function along with learning, processing and memory [20] . We saw improvement in FA in Fmi and CingCG, as well as improvement in executive function. We also saw an improvement in FA and MD values at the corpus callosum post transplantation. The corpus callosum is the largest white matter tract consisting of over 200 million contralateral axonal projections that connects the left and right cerebral hemispheres. The size of the corpus callosum correlates positively with verbal memory capacity and semantic testing [21] . Of note, 2 tracts of importance did not improve post-transplant (i.e. the corticospinal tracts and the UF). The corticospinal tracts have not been reported to have a specific role in memory or executive function and control voluntary movement. The UF control emotions [33] . The degree of change in DTI metrics were consistent with the degree of improvement seen in some other medical conditions [22, 34] .
Although we demonstrate improved white matter integrity post transplantation, we cannot rule out the confounding effects of depression and physical activity on cognitive function and DTI measurements. Both depression and physical activity improved post the transplant and are known to affect cognition. Depression is associated with lower FA values [35] . Physical activity positively correlates with white matter integrity [36] with increase in FA values with exercise [37] . Another potential confounder could be reduced cerebral edema post the transplant, which can increase FA values. These factors should be further evaluated in future studies. We did not observe any differences in blood pressure, body weight and electrolytes post transplantation. However, it is possible that lower FA values in ESRD could be due to certain (likely non-dialyzable) uremic toxins and metabolites, and improvement in renal function after transplantation permitted better excretion or tubular secretion of these toxins resulting in an increase in FA post transplantation. All patients in the study were on a calcineurin inhibitor post the transplant. Calcineurin is known to modulate synaptic activity and memory [38] . Specific effects of various immunosuppressive strategies on cognitive function post transplantation remain unclear, requiring further studies.
Our study has several strengths. We were meticulous in testing cognitive function. Trained and experienced psychometrists administered NP tests. Also, we used a detailed battery of NP tests to assess a wider range of cognitive domains than previous studies [26, 28, 29] . Dialysis can affect cognition [14] . We assessed patients on their non-dialysis days, when, perhaps their cognitive function is the best. Despite that, we saw further improvements in cognition after transplantation. The timing of dialysis to NP testing is an important factor and should be considered in the design of future studies. We checked for practice effect by comparing the NP tests at 2 time points pre transplant in a subgroup of patients. Results remained stable arguing against a practice effect. All of the NP tests were spaced by a minimum of 3 months to minimize practice effect.
Despite the strengths, there are some limitations. The sample sizes were relatively small. However, this study is the first to evaluate the effects of transplantation on cognition and associated changes in the brain not visible on conventional MRI. Moreover, the within-subject design added sensitivity to detect change. It is encouraging that even with 11 patients, we saw changes in cognition and DTI metrics, which were very consistent among the different subjects.
We did not measure correlation coefficients due to the small sample size. This study is hypothesis generating and will lead to other studies evaluating the reversibility of brain alterations seen in ESRD. Identification of specific areas of reversibility in cognition and brain structure will have therapeutic implications. Our patients had variable demographics, which can affect cognition. However, we did paired analysis and each patient was his/her control. Our patient demographics indicate that they were perhaps the healthier ESRD patients. It can be argued that a greater change may be seen in sicker patients. The adherence of the enrolled patients and the follow-up was excellent.
Conclusion
Our study indicates that cognition, particularly memory and executive function, improves post transplantation with corresponding improvement in white matter integrity. Future studies are needed to establish the role of white matter integrity in cognitive impairment in ESRD.
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